Five naturally-occurring β-lactams have inspired a class of drugs that constitute >60% of the antimicrobials used in human medicine. Their biosynthetic pathways reveal highly individualized synthetic strategies that yet converge on a common azetidinone ring assembled in structural contexts that confer selective binding and inhibition of D,D-transpeptidases that play essential roles in bacterial cell wall (peptidoglycan) biosynthesis. These enzymes belong to a single "clan" of evolutionarily distinct serine hydrolases whose active site geometry and mechanism of action is specifically matched by these antibiotics for inactivation that is kinetically competitive with their native function. Unusual enzyme-mediated reactions and catalytic multitasking in these pathways are discussed with particular attention to the diverse ways the β-lactam itself is generated, and more broadly how the intrinsic reactivity of this core structural element is modulated in natural systems through the introduction of ring strain and electronic effects.
Introduction
All serine hydrolases can be grouped into "clans," each descended from a single evolutionary ancestor [1] . Constraints of mechanism and active site geometry have governed the convergent evolution of these enzymes, [2] but it is testament to their power to have independently appeared at least 13 times. The penicillin-binding proteins (PBPs), D,Dtranspeptidases, catalyze the classical 4-3 crosslinking of muramyl peptide stems during the final stages of bacterial cell wall (peptidoglycan) biosynthesis [3] . The PBPs are members of a single clan of serine hydrolases against which the β-lactam antibiotics have specifically developed and bear the mark of corresponding constraints to their structure and absolute stereochemistry. Remarkably, there are five distinct families of these natural PBP inhibitors known whose independent biosynthetic pathways display both mechanistic virtuosity and synthetic efficiency. This review will focus on the strikingly different solutions in Nature to achieve the thermodynamically uphill synthesis of the azetidinone ring, which is critical for expression of their antibiotic activity.
A recent survey of the biosynthetic capacity of more than 800 actinobacterial genomes revealed the predominance of modular polyketide synthases and non-ribosomal peptide synthetases (NRPSs) [4] . Indeed, although three of the five families of β-lactam antibiotics rely on NRPS systems to initiate their biosynthesis, two classes do not: the clavams, notably the clinically-important β-lactamase inhibitor clavulanic acid (1) and the potent, broadspectrum carbapenems represented here by their progenitor natural product thienamycin (2) . Of the former, penicillin and cephalosporin [e.g. isopenicillin N (3) and cephalosporin C (4)] constitute a third class, nocardicin A (5) exemplifies the monocyclic β-lactams, and sulfazecin (6) the related monobactams.
β-Lactam Synthetases, Clavams and Carbapenems
Both clavulanic acid and the carbapenems form their β-lactam rings similarly by ATPdependent adenylation of a β-amino acid substrate and intramolecular acyl substitution mediated by β-lactam synthetase (β-LS) [5, 6] or carbapenam synthetase (CPS), [7] respectively. Interestingly, while β-LS and CPC share only 23% sequence identity, they are each more closely related to their ancestral asparagine synthetases, Class B (AS-B, ~65% identical) than to each other. The latter are highly conserved across the phylogenetic tree of life and, as revealed in the X-ray crystal structure of the E. coli enzyme, the smaller top domain houses a glutaminase whose N-terminal cysteine catalyzes the release of ammonia, which travels through a relatively hydrophobic 19Å tunnel into the larger synthetase domain that binds ATP and activates Asp for intermolecular acyl substitution and the synthesis of Asn ( Figure 2A ) [8] . Where the ammonia meets the synthetase active site, a Glu residue can be likened to a catcher's mitt to both electrostatically attract the incoming ammonia (ammonium) and possibly deprotonate it if needed to catalyze nucleophilic substitution [9] . It is instructive to compare how the active site has changed in β-LS to accommodate its new role in β-lactam synthesis. The enzyme has lost the ability to convert Asp to Asn. Although the N-terminal glutaminase domain remains, it is notably less structured and the N-terminal cysteine has been replaced by Phe and 9 additional residues have been added to the Nterminus that block the Gln binding pocket and the interdomain tunnel, which no longer exists. The now isolated synthetase domain has enlarged its active site to accommodate and bind the guanidino arm of its carboxyethyl-L-arginine (7, CEA) substrate. A catalytic dyad composed of Tyr and Glu has appeared in the Streptomyces enzyme where the former replaces the Glu, which is strictly conserved in the AS-B superfamily, to mediate the intramolecular attack of the substrate secondary amine to give β-lactam formation [10] . This dyad exhibits a not widely known behavior seen elsewhere in acid-base reactions of "reverse protonation" to present a phenolate anion adroitly matched to the pKa of the substrate secondary ammonium ion. In addition to a series of five crystallographic "snapshots" of the β-LS catalytic cycle, [11] the kinetic mechanism of this key biosynthetic step has been examined in intimate detail for both β-LS and CPS. The latter analyses show that despite distinct remodeling of the active sites, both share a Tyr-Glu catalytic dyad and in their kinetic behavior is more similar than different [12] .
As noted above, sequence comparisons of β-LS and CPS to their bacterial AS-B antecedents clearly suggest separate evolution despite highly similar functional solutions to β-lactam ring formation. Although the clavulanic acid and thienamycin biosynthetic pathways have not been completely elucidated, enough is presently known to confidently state that their stepwise progression relies on markedly different chemistries and that they evolved independently. To illustrate these differences, the formation of CEA (7) captures unprecedented C-N bond formation in thiamin diphosphate (ThDP) catalysis from the primary metabolic building blocks glyceraldehyde-3-phosphate (G3P) and L-arginine [13] [14] [15] In contrast, three separately precedented crotonase superfamily enzyme reactions are compressed into the formation of (2S,5R)-carboxyethylproline (8) to initiate carbapenem biosynthesis [16, 17] . Although detailed discussion of these pathways is outside the scope of this review, the principal steps are sketched out in Figure 3A . Beyond formation of the monocyclic β-lactam in deoxyguanidinoproclavaminic acid (9, DGPC), the oxidation state and inherent strain of the intermediates is steadily elevated in the safely non-antibiotic bridgehead (5S)-configuration. The synthetically versatile clavaminate synthase, a non-heme iron, α-ketoglutarate (α-KG)-dependent oxygenase, carries out three different oxidative transformations (hydroxylation, oxidative cyclization and desaturation) interrupted by an arginase-like step to remove the guanidine group to arrive at clavaminic acid (10) . This branch point intermediate is directed in S. clavuligerus and a few allied Streptomycetes to a family of clavam metabolites represented generically by 11 of unchanged bridgehead stereochemistry, or through oxidative deamination [18] coupled in an unknown manner to ring inversion whose now biologically active configuration is trapped by reduction to clavulanic acid (1) [19] .
After β-lactam formation, the carbapenem pathway also bifurcates, but in a strikingly different fashion. Phylogenetically remote from the "complex" carbapenems represented by thienamycin (2) and ~50 congeners from Actinobacteria, carbapenem-3-carboxylic acid (C3C, 14) is produced by a limited number of γ-proteobacteria. Despite their evolutionary distance, their first two biosynthetic steps are mediated by identical chemistry executed by homologous pairs of enzymes, CarB/ThnE and CarA/ThnM [20] . The "simple"carbapenem 14, however, is formed by an exceptional member of the non-heme iron, α-KG dependent oxygenases, CarC, which inverts the bridgehead stereochemistry of 12 to form the cooccurring carbapenam 13, which either during the same catalytic cycle or in a separate oxidation, is desaturated to C3C (14) [21, 22] . The hydrogen at the substrate bridgehead (H°) is lost in this process and replaced with inversion from a tyrosyl residue in CarC (H) [23, 24] . The details of this overall conversion involving both formally non-oxidative and oxidative half-reaction steps remain unclear.
By interesting comparison, the thienamycin [25] and other carbapenem biosynthetic clusters [26] do not encode a CarC homolog. It would appear an entirely different biochemical solution has evolved in these more complex structures to carry out the key stereochemical inversion and desaturation steps. In addition, evidence has been collected to show that the C-2 thioether sidechain is derived from stepwise truncation of coenzyme A (box, Figure 3B ) [27] and recently it has been demonstrated that ThnK, one of three cobalamin-dependent radical SAM enzymes in the pathway, adds two SAM-derived methyl groups sequentially at C-6 of 15, but after sulfur insertion at C-2 has occurred [28] .
The timing and mechanism of many other biosynthetic events in the thienamycin pathway remain a mystery. But, as will become apparent by comparison below to the NRPS-centered β-lactam biosynthetic pathways, in both clavulanic acid and thienamycin, the β-lactam rings are created relatively early in their respective pathways, but in an absolute configuration where they lack their ultimate biological activity as inhibitors of bacterial cell wall biosynthesis. However, in both very late oxidative events ensue to invert bicyclic ring geometries to potent biological function (cf. reaction of CarC in Figure 3B ).
NRPS-Dependent Pathways, Penicillin and Cephalosporin
One of the earliest and most thoroughly studied NRPS enzyme is L-δ-(α-aminoadipoyl)-Lcysteinyl-D-valine synthetase (ACVS) [29] that underlies the biosynthesis of penicillin and cephalosporin. It has been isolated, or cloned and over-produced from a number of fungal and bacterial sources as a monomer (400-430 kDa). It is the paradigm Type A, linear NRPS enzyme [30] . These enzymes exemplify the canonical linear thiotemplate model of NRPS function, which in the case of ACVS comprises 10 domains, each with a specific and essential synthetic role. As illustrated in Figure 4 , the adenylation (A) domains A1, A2 and A3 all bind ATP and selectively L-α-aminoadipic acid, L-cysteine and L-valine, respectively. In each A domain its substrate amino acid is acyladenylated and the activated substrate is captured by the directly downstream peptidyl-carrier protein (PCP), which, like acyl-carrier proteins (ACPs) in fatty acid and polyketide biosynthesis, has been posttranslationally modified to link a 4'-phosphopantethienyl "arm" that bears its substrate amino acid as the S-terminal thioester shown in Figure 4 . The repeated domain architecture defines modules, each activating its particular amino acid building block. At the interfaces between modules lie condensation (C) domains that react the upstream thioester (acyl donor) with the intramodule α-aminothioester (acyl acceptor) to generate a peptide bond. The resulting L,L-dipeptide bound to PCP2 is then extended to the L,L,L-tripeptide bound to PCP3, which is epimerized in the single epimerase (E) domain to an equilibrating mixture of disastereomeric L,L,L-and L,L,D-ACV PCP3 thioesters, the latter of which is selectively transferred to and hydrolyzed in the thioesterase (TE) domain to release the L,L,D-ACV tripeptide (17) .
This paradigm product of the thiotemplate model is then the substrate for one of the most impressive enzymes in natural products chemistry, isopenicillin N synthase (IPNS), a nonheme iron, non-α-KG dependent oxygenase. At a single metal center the tripeptide 17 reacts in a stepwise manner, first to the monocyclic β-lactam 18 and, second, fuses the thiazolidine ring with the net loss of four substrate hydrogens to isopenicillin N (3). Synthesis of the substantially more strained bicyclic penicillin nucleus is thermodynamically easily achieved owing to the co-reduction of a molecule of dioxygen to two equivalents of water (cf. 2H 2 + O 2 -> 2H 2 O, ΔG >100 kcal/mol). Although non-heme iron oxygenases appear in a number of transformations in β-lactam antibiotic biosynthesis, this is the single known instance where one catalyzes β-lactam ring synthesis, and does so directly to the antibiotic-active stereochemistry. The other non-heme iron oxygenases are all α-KG dependent. Some are illustrated in Scheme 2, and the remainder figure prominently in the oxidative ring expansion of the penicillin nucleus to the cephems (after epimerization at the N-terminus, cf.
3 and 4), followed by allylic oxidation and acetylation to give cephalosporin C (4) . Further oxidation at C-7 and methylation can also occur to give cephamycins [31] .
NRPS-Dependent Pathways, Nocardicin and Monobactams
The non-proteinogenic amino acid L-(p-hydroxyphenyl)glycine (pHPG) present twice in nocardicin A (5) [32] and the peptide connectivity in the monobactam sulfazecin (6), reminiscent of the natural penicillins and cephalosporins (e.g. 3 and 4), connote their origins by NRPS assembly. Isotopic labelling experiments established that the monocyclic β-lactam rings present in nocardicin A and related monobactams are derived from L-serine with no change in oxidation state at the β-carbon [33, 34] , which implied, unlike penicillin, a common, non-oxidative route to the azetidinone ring ( Figure 5A ). Incorporation of serine stereospecifically labelled at C-3 with deuterium unambiguously demonstrated that the C-N bond formation in nocardicin A (5) occurs with clean inversion of configuration [35] . This observation and other radiolabeling experiments at the time were interpreted to suggest an intramolecular (S N i) displacement in a hypothetical peptide precursor by amide nitrogen of an activated seryl hydroxyl to achieve 4-membered ring formation [36] Such a synthetic strategy was successfully mimicked in the highly efficient adaptation of the Mitsunobu reaction from a simple model reaction ( Figure 5B , FtN = N-phthaloyl, DEAD = diethyldiazodicarboxylate) to the total synthesis of all the known nocardicins, which confirmed or established all stereocenters [37] . The synthesis of optically pure nocardicin A, for example, proceeded from unprotected L-serine in an overall 23% yield. In an important experiment, nocardicin G (19, D,L,D-configuration), the simplest of the known nocardicins, could be demonstrated in a whole-cell experiment to be incorporated intact into nocardicin A, making it likely the earliest β-lactam containing intermediate in the pathway [38] .
The O-homoseryl modification seen in about half of the nocardicins is derived from methionine. Isolation, purification and N-terminal amino acid sequence data from this unusual SAM-dependent 3-amino-3-carboxypropyl transferase enabled the nocardicin biosynthetic gene cluster (BGC) to be defined by reverse genetics [39, 40] . The D,L,Dtripeptide core of nocardicin G (19) led us to expect that, like the tripeptide core of penicillin from ACV synthetase (Figure 4, ACVS) , [41] a 3-module NRPS would be present in the BGC. In fact, the NRPSs NocA/B house five modules supporting, in principle, synthesis of the pentapeptide 20 ( Figure 5C ). Our inability to express these proteins in Streptomyces hosts, or individual modules and even A-domains in Streptomyces or E. coli to identify their substrate amino acids gave birth to an A domain substrate prediction algorithm [42, 43] that has found wide use, and then the Udwary-Merski Algorithm (UMA) to predict linker regions between domains to cut these giant enzymes down to experimentally tractable pieces [44] . The former predicted A1, A3 and A5 activate pHPG, A4 Ser and A2 ambiguously ornithine or N-hydroxyornithine. Since only M3 has an epimerization domain, it was thought M1 and M2 might be inactive. This possibility was strengthened by inserts of short, repeated sequences not seen in other NRPSs comprising ~40 residues in M1 and ~90 in M2 [40] . Later after developing a double gene replacement strategy, each with its own selection, it was possible to introduce "scarless" mutations in vivo and thereby establish that all five modules are required for antibiotic biosynthesis despite the long insertions and other anomalies evident in the sequences of NocA and NocB [45] . In time A3 and A5 were demonstrated to give PPi exchange with L-pHPG (but not D-pHPG), as predicted. Questioning why native NocB isolated from N. unformis catalyzed PPi exchange specifically with L-Ser [40] , but not the E. coli expressed A4 domain, led us to discover the missing component between wild-type NocB and the recombinant A domains was NocI, a member of the MbtH superfamily of auxiliary proteins encoded in most NRPS clusters. This pivotal advance made by Jeanne Davidsen was soon reported elsewhere [46, 47] but finally allowed the function of every A domain to be experimentally determined. A1 was confirmed for L-pHPG and A4 for L-Ser, but the enigmatic A2 was found to be specific for L-Arg. [48] A1, A2 and A4 require NocI for activity and bind NocI in a 1:1 stoichiometry. In contrast, the exchange activities of A3 and A5 are unaffected by the presence of NocI. In sum, the data supported linear behavior for NocA/B to produce the pentapeptide L-pHPG-L-Arg-DpHPG-L-Ser-L-pHPG (20) [48] .
The long-sought identification of L-Arg as the substrate for M2 was the lynchpin to further progress unraveling the nocardicin biosynthetic pathway. Puzzling questions remained apart from the central issue of how β-lactam ring formation took place. With it now clear that all five modules of NocA/B were active and required for biosynthesis, the first two Lconfigured amino acids must be lost and the tripeptide core of nocardicin G (19) therefore is derived from the remaining three residues. However, while an epimerization (E) domain resides in M3 to establish the D-configuration in the N-terminal pHPG of nocardicin G, there was no comparable E domain in M5 to similarly set the C-terminal stereochemistry.
The working hypothesis at the time was that monocyclic β-lactam formation occurred by an S N i process, synthetically precedented as noted above [49] and consistent with stereochemical inversion observed at the seryl β-carbon [35] . Such a process could be visualized to take place after peptide release from NocB, or while still bound to NocA/B, but logically in M5 after addition of the last pHPG unit. To answer these questions, we elected to excise the TE domain from NocB and attempt to identify what product it releases. This task required the stereocontrolled preparation of tri-and pentapeptides, which, owing to the base sensitivity of the pHPG α-centers (especially as thioesters or activated acyl intermediates in peptide coupling reactions), proved technically and analytically demanding [50, 51] . Figure 6B ) and they too failed to give convincing reactions compared to the slow hydrolysis shown by control reactions. Next, considering that seryl O-activation prior to β-lactam formation might occur in trans while still bound to M5, the seryl Ophosphoryl and O-acetyl tripeptide SPant thioesters were assembled. They also did not react.
In a final escalation of technical difficulty, the D,L,L-and D,L,D-tripeptide-CoA, the seryl O-phosphorylated and O-acetylated tripeptide-CoA esters were prepared and coupled using Sfp to the apo-PCP4-TE didomain to give 29, 30 and 31 ( Figure 6C ) Even now in the presence of an in cis TE, no reaction was observed [52] .
Faced with this exquisite level of substrate discrimination by the NocB TE domain, there was only one simple alternative and that was β-lactam synthesis was occurring upstream in M5 prior to product release in the TE. Thus, the corresponding tri-and pentapeptide SNAC and SPant thioesters 32-37 now bearing an embedded β-lactam ring in place of the L-seryl residue were synthesized and tested. To our profound relief, yet further surprise, the respective diastereomeric pairs of the former afforded nocardicin G (19 Figure 7A ). The immaculate epimerization in M5 had been committed by the TE itself in addition to stereospecific hydrolytic product release. Detailed kinetic analysis of the D,L,L-and D,L,D-SNAC thioester solution rates of epimerization and hydrolysis compared to the TE-catalyzed rates for each diastereomer showed dramatic accelerations for enzyme-catalyzed epimerization (>1400 fold) and that product release was ~10 times faster than epimerization [50, 52] . To determine whether a tripeptide or pentapeptide was preferred by the TE, the Cterminal D-configured SNAC peptides 33 and 37 were mixed in a 1:1 molar ratio for a direct competition assay. In keeping with the requirement for all five modules of NocA/B to observe antibiotic production in vivo, the pentapeptide β-lactam 37 was the dominant substrate by a factor of at least 20. The role of an NRPS TE as an epimerase is unprecedented, but becomes possible even as the TE-bound O-seryl (oxy)ester because the pHPG α-hydrogen is benzylic and its acidity is enhanced by a factor of 10 6 -10 7 compared to other α-amino acids [52] .
Although complete stereoinversion of the C-terminal pHPG residue from L-to D-was achieved autonomously in the TE domain, in no experiment conducted above was β-lactam formation observed. This cyclization event must take place in M5 either in cis relying on the synthetic capabilities of the NRPS itself, or in trans through the intervention of auxiliary enzyme(s) that was/were not obviously encoded in the BGC [53] . As neither mechanistic alternative had been encountered before, exploration of the former was undertaken first. To approach self-catalyzed reaction in as unbiased a way possible, all of M5-TE was expressed as a single construct with the aim to separately introduce tetrapeptide acyl donors and in the hope that M5 would bind ATP and L-pHPG and present this amino acid in C5 to either successfully reconstitute pro-nocardicin G synthesis or not. Presentation to M5-TE of LpHPG-L-Arg-D-pHPG-L-Ser linked to PCP4 together with ATP and L-pHPG resulted in remarkably smooth conversion to pro-nocardicin G (38) . In sharp contrast, however, this tetrapeptide as either its SNAC or SPant thioester was completely unable to support synthesis-unlike our experience above with the TE domain. Moreover, supplying the dipeptide D-pHPG-L-Ser SNAC, SPant or PCP4 thioesters were all unsuccessful. Contrary to the sense of the literature, albeit from a limited data set, that C-domains are flexible with respect to their acyl donor tolerance [54] , M5 of the nocardicin NRPS system appears to be highly selective.
With the TE domain unlikely to be the seat of β-lactam formation, the condensation domain, C5, was examined for its potential to catalyze this unprecedented reaction. Immediately apparent was an "extra" His residue (H792) just N-terminal to the HHxxxDG catalytic motif conserved among C domains and associated with canonical peptide bond synthesis [54, 55] . A series of Ala substitution mutagenesis experiments suggested a role for this His residue, which could be visualized as both a base and then conjugate acid in its protonated (histidinium) form to mediate a β-elimination of hydroxide (water) from 39 to the dehydroalanyl tetrapeptide intermediate 40, followed by a β-addition of the pHPG amine giving C-N bond formation with net stereochemical inversion in 41, as demanded by earlier experiment, and proton donation at the α-carbon with overall retention. A series of experiments is underway to test and support this now third mechanism of β-lactam biosynthesis. It is noted that, like isopenicillin N (3), nocardicin G (19) and, consequently, the nocardicins are created in the biologically-active absolute configuration.
Conclusions
The mechanism of cell wall crosslinking by D,D-transpeptidases is highly conserved among bacteria. These enzymes are members of a single evolutionary clan of serine hydrolases and share key structural and mechanistic features that are identified by the β-lactam antibiotics, which selectively inhibit them. Their small size and matched recognition and binding elements enable them to compete for the active site and inactivate it by deformation and covalent adduct formation. Fundamental to this ability to inactivate is the accurate presentation of a substrate-like amide bond (the β-lactam) whose intrinsic reactivity is greater than the natural muramyl pentpeptide owing to ring strain and stereoelectronic effects. It is impressive, if not inspiring, that five biosynthetically distinct subclasses of β-lactam antibiotics have evolved, each created by widely different synthetic means. Thermodynamically unfavorable β-lactam ring formation is more than paid for in the bicyclic penicillin by the concomitant reduction of molecular oxygen to two water molecules, but more modestly in clavulanic acid and the carbapenems by the hydrolysis of ATP, and, finally, in the monocyclic synthesis of the nocardicins by the conversion of a thioester to an amide. Additional potential energy can be introduced by fusion of a second ring to the β-lactam and further increased by a C-C double bond and electronic effects communicated through them. A notable variation on this pattern is the monobactams where now a comparatively less reactive monocyclic β-lactam template is substantially amplified by N-sulfonation. Many biosynthetic questions remain in most of these subclasses that are the subjects of active investigation.
Resistance to the principally used β-lactam antibiotics continues to increase, undermining their clinical usefulness [56] . One major source of resistance is β-lactamases, soluble enzymes themselves evolved from the membrane-associated D,D-transpeptidases (PBPs)-that is, they are all members of the same hydrolase clan [1, 2] . Another recently discovered source of resistance to most β-lactam antibiotics, however, is the L,D-transpeptidases that provide bacteria a backup strategy to carry out peptidoglycan synthesis. These enzymes mediate muramyl peptide crosslinking functionally similar to the D,D-transpeptidases, but react the tetrapeptide stem after hydrolytic loss of the C-terminal D-Ala with the third amino acid residue on a nearby peptide strand (diaminopimelate, lysine) to create a 3,3-crosslink. The L,D-transpeptidases are cysteine proteases and members of a different protease clan evolutionarily and structurally distinct from the D,D-transpeptidases. They were first identified in Mycobacterium tuberculosis, the causative agent of tuberculosis, a disease long known not to be treatable with penicillin [57] . Despite their functional, indeed mechanistic, similarity and use of the same nucleophile (acyl acceptor), most β-lactam inhibitors of the latter are not effective against the former. Hope has been raised more recently that, in fact, select members of the carbapenem subclass show crossover reactivity to inactivate both D,D-and L,D-transpeptidases [58] , which could be a basis for their largely empirically determined potency and broad spectrum activity.
Antibiotic resistance is a major and ominous threat to human health. Deeper investigation of the fundamental dynamics of the clinically relevant serine, cysteine and threonine proteases (>20 clans) is essential to both root understanding of mechanism and doubtless subtle, but important, differences that should guide not only the design and synthesis of new or improved β-lactams to meet this public health challenge, but other protease targets of therapeutic interest. Hand-in-hand with these tasks are synthesis and production where one can now contemplate combining and engineering the functionally diverse enzymes uncovered in biosynthetic studies of these valuable natural products to manufacture new and hybrid drugs by fermentation and semi-synthetic means. Left, asparagine synthetase, class B from E. coli. Its crystal structure [8] is shown and the reaction catalyzed is depicted beneath. Glutaminase domain (upper) is in purple with Gln bound (green CPK). The N-terminal catalytic Cys is replaced with Ala (red ball-and-stick).
The synthetase domain (lower) in yellow has AMP bound (light blue CPK) and the conserved active site Glu is shown (red ball-and-stick). Right, β-lactam synthetase from S. clavuligerus. Its x-ray structure is shown and reaction catalyzed in clavulanic acid (1) biosynthesis is placed directly beneath. The corresponding carbapenam synthetase (CPS) reaction active in carbapenem-3-carboxylate (14) 
